Major depressive disorder (MDD) is a highly prevalent disorder with substantial heritability. Heritability has been shown to be substantial and higher in the variant of MDD characterized by recurrent episodes of depression. Genetic studies have thus far failed to identify clear and consistent evidence of genetic risk factors for MDD. We conducted a genome-wide association study (GWAS) in two independent datasets. The first GWAS was performed on 1022 recurrent MDD patients and 1000 controls genotyped on the Illumina 550 platform. The second was conducted on 492 recurrent MDD patients and 1052 controls selected from a population-based collection, genotyped on the Affymetrix 5.0 platform. Neither GWAS identified any SNP that achieved GWAS significance. We obtained imputed genotypes at the Illumina loci for the individuals genotyped on the Affymetrix platform, and performed a meta-analysis of the two GWASs for this common set of approximately half a million SNPs. The meta-analysis did not yield genome-wide significant results either. The results from our study suggest that SNPs with substantial odds ratio are unlikely to exist for MDD, at least in our datasets and among the relatively common SNPs genotyped or tagged by the half-million-loci arrays. Meta-analysis of larger datasets is warranted to identify SNPs with smaller effects or with rarer allele frequencies that contribute to the risk of MDD.
Introduction
Major depressive disorder (MDD) is a common disorder with lifetime prevalence estimated to be in Caucasians in the range 6-30%. 1 A number of efficacious treatment for MDD are available, but there is an ample margin for improving efficacy and side effects profile of existing treatments. 2 The World Health Organization has estimated that in the year 2000 depression was the fourth contributor to the global burden of disease and predicted that MDD will become the second leading contributor by the year 2020. 3 There is therefore a great need and scope for improving treatment strategies for MDD, which will need to be based on a better understanding of its still elusive aetiology. 4 The identification of genetic risk factors for MDD holds the promise of improving our understanding of the neurobiological basis of the disorder, which may ultimately lead to the identification of novel treatment and prevention strategies. Genetics has a recognized role in increasing the susceptibility to MDD, with an estimated l-sibling value ranging between three and nine 5, 6 and a substantial difference in concordance rates between monozygotic and dizygotic twins. 7 MDD with recurrent episodes have been consistently shown to identify a subset of MDD with higher familiality. 8 A number of not yet conclusive molecular genetics studies, including linkage and association approaches, have been conducted for MDD. Suggestive evidence for linkage has been reported for few genomic regions. [9] [10] [11] [12] Association studies of MDD, which have greater power 13 to test the common disease-common variant (CDCV) hypothesis, 14 have thus far relied only on candidate gene studies. 15 However, array genotyping, capable to query most of the human genome 16 at affordable costs, now allows testing the CDCV hypothesis at the whole-genome level with no need of a priori hypotheses on disease aetiology.
Here, we report the results from two genome-wide association studies (GWAS) conducted in two independent cohorts of recurrent MDD cases and controls, and the results of the meta-analysis of these two GWAS incorporating 1359 cases and 1782 controls, all of declared Caucasian origin.
Materials and methods

Subjects
The present study was performed on two datasets. Participants in these studies that were approved by the respective Ethics Board, received a detailed description of the goal and funding of the study, and signed a written informed consent.
Sample I. A total of 1022 Caucasian individuals diagnosed with recurrent MDD and 1000 Caucasian age-and gender-matched non-affected controls were recruited at the Max-Planck Institute of Psychiatry in Munich, Germany; patients were also recruited at two satellite recruiting hospitals (BKH Augsburg and Klinikum Ingolstadt) in the Munich area. All patients were evaluated using the semistructured Schedules for Clinical Assessment in Neuropsychiatry (SCAN) instrument. 17, 18 The SCAN interview was administered by experienced research assistants who had received proper training at WHO Training and Research Centres. Each participant completed a questionnaire regarding his/ her demographics, family and individual history as well as medical history and ethnicity. Patients were included in the study if they received a diagnosis of recurrent MDD (that is, at least two separate episodes of depression) of moderate or severe intensity according to Diagnostic and Statistical Manual of Mental Disorders, fourth edition (DSM-IV) 19 or ICD-10, 20 as resulted by analysis of the SCAN2.1 interview using the computerized algorithm CATEGO. 17 Patients were excluded from the study if they had: experienced mood incongruent psychotic symptoms, a lifetime history of intravenous drug use or diagnosis of drug dependency, depression secondary to alcohol or substance abuse or depression as clear consequence of medical illnesses or use of medications. Patients with diagnosis of schizophrenia, schizoaffective disorders and other axis I disorders other than anxiety disorders were excluded from the study. Patients with co-morbid anxiety disorders with the exception of obsessive compulsive and post-traumatic stress disorders, were included considering that anxiety and MDD very often co-occur and are also likely to share some of the genetic factors. 21 Approximately 26% of cases (n = 262) showed presence of at least one anxiety symptom during their worst episode as assessed by the SCAN interview. The anxiety symptoms considered were the presence of general rating of anxiety, general rating of phobia, free-floating anxiety or anxious foreboding with autonomic symptoms (see Tozzi et al., 2008 for more details on symptom selection). 22 Within patients with these anxiety symptoms 51% had a formal diagnosis of anxiety disorders (including generalized anxiety disorder, panic disorder with or without agoraphobia, social and specific phobia) according to DSM-IV. The SCAN interview did not assess axis II disorders so we cannot exclude the presence of personality disorders among our cases. Controls were selected randomly from a Munich-based community sample and recruited at the Max-Planck Institute of Psychiatry. They were screened for the presence of anxiety and mood disorders using the Composite International Diagnostic Screener. 23 Only individuals without mood and anxiety disorders were collected as controls.
Sample II. Subjects meeting DSM-IV criteria for recurrent MDD (n = 492) and unaffected controls (n = 1052) were selected among the Caucasians of a community survey carried out in the city of Lausanne, Switzerland. 24 These individuals, who underwent a comprehensive psychiatric investigation were part of a large survey (CoLaus; n = 6738) conducted to evaluate risk factors for cardiovascular diseases (CVDs); for a more detailed description of the study see Firmann et al. 25 The random drawing procedure was based on a complete list of the Lausanne inhabitants aged 35-75 years (n = 56 694 in 2003), provided by the official city population register. All 35-to 66-year old subjects of the somatic survey (n = 5543) were invited by letters to participate also in the psychiatric evaluation. Those who did not respond to the letter were contacted by telephone. All subjects who were sufficiently fluent in French or English and agreed to participate were included into the psychiatric sub-study (PsyCoLaus) and underwent the psychiatric evaluation between the years 2004 and 2008. In total, 67% of the participants of the CoLaus study in the age range between 35 and 66 years accepted the psychiatric evaluation, which resulted in a sample of 3718 individuals, of whom 92% were Caucasians. In the CoLaus sample comparison between individuals who participated in PsyCoLaus and those who did not revealed similar scores on the General Health Questionnaire, 26 French version, 27 a screen for psychopathology completed during the medical examination, which suggests the absence of selection bias regarding psychopathological characteristics. Psychiatric assessment in the PsyCoLaus sub-study included the semi-structured Diagnostic Interview for Genetic Studies, French version. 28 The family history on all individuals was collected using the Family History-Research Diagnostic Criteria. 29 From a total of 3420 Caucasians who received full psychiatric assessment and gave consent for genetic testing, 492 subjects with recurrent MDD (at least two distinct major depressive episodes) and 1052 controls devoid of any psychiatric disorders were selected for the purpose of the GWAS analysis reported in this paper. Individuals with comorbid DSM-IV anxiety disorders (n = 184)-with the exception of obsessive compulsive disorder and posttraumatic stress disorders-were not excluded from the selected cases, to match inclusion criteria of Sample I.
Samples preparation, genotyping and quality control Sample I. DNA was isolated from whole blood using a standard salting-out procedure. Samples were arrayed at a concentration of 50 ng per ml. New genotype calls were generated using a procedure similar to that of Fellay et al. 30 with minor modifications dictated by the characteristics of genotyping in our sample. Briefly, two channel signal intensity data, corresponding to the two alleles at each SNP, were brought into the software Beadstudio 3.1 (Illumina Inc., San Diego, CA, USA). The initial genotype calls were generated using the cluster file provided by Illumina with default GenCall cutoff of 0.15: genotypes with a GenCall score less than the threshold value were not accepted for further analysis because they were considered to be too far from their associated cluster to be reliable. We then evaluated the clusters of intensity scores for each SNP using sample call rate, SNP call frequency, cluster separation score, heterozygosity excess ( = observed proportion of heterozygotes-proportion expected on the assumption of Hardy-Weinberg equilibrium) and in some cases visual checking of the clustering graph, as follows. Samples with call rate below 95% were removed. We then re-clustered SNPs from autosomal chromosomes with call frequency below 99%, and subsequently updated the success rate statistics on SNPs and samples. Selection on SNPs was then performed by putting the SNPs through filters designed to optimize genotyping call accuracy and call frequency, as follows. All SNPs with call frequency below 95% were removed. For SNPs with call frequency between 95 and 98%, we removed any SNP with cluster separation below 0.3, or heterozygosity excess < À0.1 or > þ 0.1. For SNPs with call frequency above 98%, we removed any SNP with cluster separation below 0.25, or with heterozygosity excess < À0.3 or > þ 0.3. Following these procedures, genotyping accuracy was evaluated using samples genotyped in duplicate. The concordance rate for the 100 duplicate sample pairs was about 99.9%. Of the 535 180 SNPs successfully called, 436 551 (81.6%) show 100% concordance, and 98.85% SNPs showed 98% concordance or better.
After QCs, the final analysis marker set consisted of 522 008 SNPs. SNPs with minor allele frequencies below 0.0015 were excluded from the analysis.
Gender consistency checks were performed using the function available in the software PLINK version 9.99. 31 Presence of cryptic relatedness was established by testing pair-wise identify by descent (IBD) among all subjects via PLINK on autosomal SNPs. Pairs of individuals showing relatedness closer than third degree (estimated IBD > 0.125) were identified, and one member from each pair was removed from the analysis. One member of each pair of the 100 duplicated subject pairs was also removed. The number of subjects removed and the reasons for removing them from the overall QC are summarized in Supplementary Table 1. Of the 2068 subjects recruited, 1792 were used for analyses.
Modelling stratification. We tested for population stratification using the method developed by Fellay et al. 30 Stratification was modelled using principle components analysis as implemented in the software EIGENSTRAT version 1.01. 32 In preparation for the analysis, we removed autosomal SNPs in high linkage disequilibrium: all SNPs within a window size of 1500 SNPs having r 2 < 0.2 were eliminated. We used a test of population structure derived from Tracy-Widom test 33 to select principal components (PCs) with P-value < 0.05, which account for a large proportion of the genetic variation in the sample. We then checked loadings of samples (that is, casecontrol individuals) on the selected PCs to remove any outlier samples with loadings outside ±6 standard deviations, after which the test for stratification would have been re-run. However, no such outliers were found. We have identified 15 significant PCs that were used as co-variates in the association analysis to correct for the population stratification that they represented.
Sample II. Nuclear DNA was extracted from whole blood for whole-genome scan analysis and genotyping was performed using the Affymetrix 500K SNP chip, as recommended by the manufacturer. Quality control procedures for genotyping in this dataset were as reported by Sandhu et al. 34 In brief, genotypes were obtained via the BRLMM algorithm. Individual genotypes were removed from the analysis based on gender inconsistency; genotypes calls less than 90%; inconsistent duplicate genotypes. The total final sample from which we selected the individual for our study comprised 5636 participants. SNP quality control checks removed SNPs with genotypes on less than 95% participants; SNPs that were out of Hardy-Weinberg equilibrium (P < 1 Â 10 -6 ). After these quality control procedures, 370 697 SNPs remained for analysis for 5367 participants.
Statistical methods
Genome-wide association analysis, Sample I. To evaluate the association of case-control status with the additive genetic effect of each SNP, we performed logistic regression analysis using gender, site and the significant stratification PCs as co-variates, using the software PLINK VERSION 0.9. 31 SNPs located on the mitochondrial DNA, and on X and Y chromosomes were not analysed. As a further test for the presence of population structure, we calculated the genomic control parameter of Devlin and Roeder 35 and obtained l = 1.0104 that is very close to 1 therefore suggesting the absence of major population structure associated with case-controls status. We have therefore decided not to correct our logistic regression for our genomic control value.
Genome-wide association analysis Sample II. Association of case-control status with the additive genetic effect of each Affymetrix 5.0 SNP that passed QC was evaluated by same methods as described in Sample I, except that the study was performed at a single study site and study site was therefore not used as a co-variate. The genotypes at the Illumina HumanHap550 SNP loci in the individuals in Sample II were determined, to the extent possible, by imputation from the Affymetrix 5.0 genotypes using the program IMPUTE. 36 For the association analysis, we selected imputed genotypes that had maximum probability value (that is, > 0.9 as in the default option in program IMPUTE. 36 Association of case-control status with the additive genetic effect of the imputed genotypes at each SNP locus was evaluated as described above.
Meta-analysis Sample I and Sample II GWAS. Results from the two GWAS included a total of 1418 recurrent MDD cases and 1918 controls. Imputing genotypings in Sample II and selection of Illumina loci, we obtained shared genotyped or imputed genotypings at 494 678 SNP loci genome-wide for a total of 1359 cases and 1782 controls that were available for meta-analysis. Because the results were derived from two different studies, using different genotyping platforms, it was considered that a single statistical analysis of the combined data was not appropriate. The results were therefore combined using a meta-analytical approach. We have used the metaanalysis approach as implemented in the statistical software METAL (http://www.sph.umich.edu/csg/ abecasis/Metal/).
Gene-based P-values
To evaluate the presence of association at a gene level, we have performed a gene-based analysis. For this purpose, we have first mapped SNPs available from the two GWAS meta-analysis to genes according to dbSNP (build 125). We included SNPs within a 100 kb region up-and downstream of each gene to capture variants that are not in the coding region but may disrupt nearby regulatory regions. The evidence for association of each gene with the MDD phenotype is conveniently summarized by the lowest P-values observed at any SNP locus within the gene. However, reliable interpretation of such minimum P-values must take into account the different number of SNPs genotyped in different genes, and the pattern of LD among them. For this purpose, we used a method proposed by Galwey (in preparation), closely related to those of Nyholt 37 and Li and Ji 38 that uses the Š idák correction for multiple testing, 39 but adjusts the actual number of SNPs genotyped in each gene to obtain an effective number of SNPs, on the basis of the eigenvalues of the LD matrix among the SNPs.
Functional annotation
We carried out functional annotation analysis on the genes identified by the most significant SNPs, namely those with association P < 0.0005 from our SNP-based meta-analysis results. The gene annotation was performed according to National Center for Biotechnology Information dbSNP through the use of WGAViewer software. 40 The gene list was submitted to the Ingenuity Pathway Analysis tool (Ingenuity Systems, Mountain View, CA, USA; https://analysis.ingenuity. com/pa/login/login.jsp), a system with a web-based interface providing computational algorithms to functionally analyse large datasets and identify or generate gene/protein networks that are formed by the genes of interest. The analysis is supported by the company's Knowledge Base, which contains interactions collated from extensive annotation of literature findings, canonical pathways and functional categories including gene ontologies. The significance value of a given canonical pathway or functional analysis category is a measure of the probability that the observed association of the phenotype with the pathway or function would occur by chance. The value of P is calculated using the right-tailed Fisher's exact test, and nominal values of P < 0.05 were a priori assumed to be statistically significant.
We have also searched whether published genetic association studies on mood disorders and schizophrenia reported results for the list of our 104 most significant genes from our meta-analysis results. To do this, we run a batch search on the genetic association database (http://geneticassociationdb. nih.gov/), a web-based National Institutes of Health supported public repository of information from published disease-based genetic association studies compiled from PubMed by the National Office of Public Health Genomics. 41 
Results
Our two GWAS analysed 926 cases and 866 controls in Sample I and 494 cases and 1052 controls in Sample II. Demographic and main clinical characteristics are shown in Table 1 . Cases and controls were matched for gender and age in Sample I as per recruitment criteria. Cases and controls in Sample II that were selected from our population-based cohort, showed similar age means but differences in gender distribution reflecting the higher prevalence of MDD in women in the general population. Sample I had higher average number of major depressive episodes per year when compared with Sample II whereas Sample II showed a younger age at onset. The difference in the number of episodes per year between patients in Samples I and II is likely to reflect the different ascertainment and selection of patients for the two studies: Sample I a clinical-based study recruited more severe cases than the patients selected for Sample II that are derived from a population-based study. Age at onset and family history differences between the two samples could reflect real difference existing in the two samples for these two variables, however, it has to be considered that these data were defined and collected differently in the two studies. (see Table 1 for more details).
A total of 494 678 SNPs that passed QC procedures from SNPs genotyped in Sample I and genotyped or imputed in Sample II were considered for the metaanalysis that considered a total of 1359 recurrent MDD cases and 1782 controls. The genomic control l calculated according to Devlin and Roder 35 showed the absence of major population structure (values close to 1) in both Samples I and II. Association analysis results in Sample I, with no use of the 15 PCs as co-variates in the logistic regression analysis produced l = 1.002; and l = 1.0104 with the use of PCs in the analysis. In Sample II, without correction for population stratification: l = 0.99; analysis using PCs as co-variates: l = 0.98. Results from the metaanalysis gave l = 0.99, suggesting the absence of major population structure.
None of the association P-values derived from the GWAS analysis of recurrent MDD in each sample individually, or from the meta-analysis, passed the stringent threshold for genome-wide significance at P < 5 Â 10
À8
. 42 This can be observed in the quantilequantile plots, in Figure 1 , indicating that in all three analyses the observed distribution of P-values lies close to that expected by chance on the null hypothesis of no association.
Furthermore, the two GWAS failed to show agreement of the most significant SNP associations identified. 23 818 SNPs showed association of P-values < 0.05 in Sample I and 22 587 such SNPs in Sample II; among these SNPs we have observed 1180 SNPs that were shared between the two samples, which is very close to the number we would expect by chance (1201). Similar for SNP that produced association P-values < 0.0005, we failed to detect much agreement between the two GWAS. In fact, Abbreviations: NA, not applicable; M, mean. a Age of onset was defined as follows: Sample I: Assessed retrospectively and defined as the age at which the first manifestation of MDD that required formal advice occurred, as reported by the participant; Sample II: age at which occurred the first full DSM episode. b Family history of depression was defined as follows: Sample I: family history in first-degree relatives as reported by the patients during the SCAN interview, family history in controls was assessed using a self report questionnaire that asked whether their first-degree relative had depression that needed treatment. Sample II: Both patients and controls were assessed using the family history questionnaire (FH-RDC) that asked about the presence of one or more first-degree relatives with a DSM-IV diagnosis of depression.
there were 250 SNPs with P < 0.0005 in Sample I and 220 in Sample II and none of these SNPs was shared between the two GWAS, which is also very close to the number of SNPs we would expect to be shared by chance (0.1).
The most significant P-value (0.58 Â 10
À5
) from the meta-analysis of the two studies was observed for an SNP (rs4238010) on 12p13 that is located over 260 kb away from the closest known gene, named cyclin D2 (CCND2). Forty-two SNPs showed meta-analysis association P-values < 10 Â 10 À5 . These SNPs mapped to 14 distinct chromosomes and to 27 independent loci. A summary of the most significant SNPs for each of these independent loci is presented in Table 2 .
The 42 most significant SNPs are located within 15 known genes. All SNPs in these genes are located in non-coding regions (either in intergenic or intronic regions) except for a non-synonymous SNP (rs590557) that leads to an amino-acid substitution (Leu to Ser) in the EH domain-containing 3 gene that is thought to regulate endocytic trafficking. 43 To facilitate comparison with future studies, we have provided in the Supplementary material the 200 most significant P-values from the GWAS in Samples I and II and from the meta-analysis results in the supplement (Supplementary Tables 2, 3 and 4) .
We have tested the presence of associations from published literature for mood disorders and schizophrenia for the 104 most significant genes that were identified in our meta-analysis by SNPs with a P < 10 À4 . For none of these genes previous association has been reported with MDD. Previous association studies were reported for adenylate cyclase 9 (ADCY9), adenomatous polyposis coli (APC), complexin 2 gene (CPLX2), glutamate receptor, ionotropic, d-1 gene (GRID1) and GRM7 with schizophrenia and bipolar disorder (BD). ADCY9 showed modest associations with BD, 44 but lack of association in a small Asian sample. 45 APC, a tumor suppressor, gene has been reported to be associated with schizophrenia in a small Chinese family-based sample. 46 The CPLX2, which is involved in synaptogenesis and in the modulation of neurotransmitter release, showed contrasting results in two Asian schizophrenia datasets.
47,48
The GRID1 showed association in schizophrenia and BD in Ashkenazi Jewish cohorts 49 as well as in a sample of schizophrenia cases and controls from China. 50 Our gene-based analysis produced a global P-value from each of the genes as calculated by the SNP-based meta-analysis results. As described in more details in our statistical methods the gene-based P-values is obtained with a correction for the number of SNPs genotyped and their LD matrix. A total of 17 643 genes were available for this analysis, and the results for the most significant genes are illustrated in Table 3 .
The most significant results of the gene-based analysis are similar to those obtained from single SNP analysis. For example, the gene SMG7, which showed the strongest adjusted gene-based association (P = 0.009), was also among the top loci for a cluster of SNPs on ch1. Similarly, gene NKKB1 gave the second lowest P-value both in the gene-based analysis and in the single SNP meta-analysis.
We have queried our meta-analysis results for a panel of candidate genes for which there are published reports of association with MDD as reviewed by Levinson. 15 We also queried our results for genes that showed most significant associations in the published GWAS of BD. 15, [51] [52] [53] [54] None of these candidate genes showed association in our results that would survive correction for multiple testing at the whole-genome level. It is however of interest for future studies to highlight some of our results for these genes, and these are summarized in Table 4 .
The most significant association was detected for gene GRM7 (metabotropic glutamate receptor 7 gene, mGluR7). A SNP (rs1485171) in this gene has been reported among the most significant and biologically plausible associations in the bipolar Wellcome Trust Case Control Consortium (WTCCC) results. 53 Our genotypings did not include this SNP, and the SNP Figure 1 Quantile-quantile plots of genome-wide association study (GWAS) and GWAS meta-analysis of individual loci with major depressive disorder (MDD) case-control status. P-values are obtained from logistic regression using the additive genetic model. l = Genomic control parameter of Devlin et al. Table 2 Most significant SNPs from meta-analysis, and significance levels of the constituent single-sample results that showed the most significant association in our study (rs162209) shows no LD with it (r 2 = 0.03; D' = 0.2 HapMap CEU data). Some degree of association has been observed also for gene CACNA1C, where the most significantly associated SNP for BD 52 reported was not genotyped in our datasets and was not in LD with our associated SNP. The most significant association P-value for ANK3 was observed for rs10509123 that showed a meta-analysis P = 0.06 that is not in LD with the two most significant SNPs from Ferreira et al.
54 study rs10994336 and rs1938526 that were not genotyped in our samples. Finally of some interest is the association with gene 5HT2A where our best result was observed for SNP rs17289304. The SNP rs6313 (T102C) in this gene, for which previous mixed evidence of associations with MDD has been reported, did not show association in our datasets. The SNP rs17289304, also in this gene and reported to be associated with response with antidepressants 55 was not genotyped in our dataset and is not reported to be in LD with our best signal according to HapMap. For genes GRM7, CACNA1C and 5HT2A regional plots with results for all SNPs tested in our study can be seen in the Supplementary material (Supplementary Figure 1) .
The pathway analysis of the 104 most significant genes in the meta-analysis (identified by SNPs that displayed a meta-analysis, P < 0.0005) revealed that this subset was significantly enriched (P < 0.05) in members of four canonical pathways. The pathways identified and genes identified in each pathway were: (1) synaptic long-term depression pathway: 4 genes (GRM7, ADCY9, GRID1, ITPR1) out of 162 genes categorized in this pathway were present in our 104 most significant genes. As our top 104 genes represent 0.589% of the total number of genes tested in our GWAS, we should expect to identify about 1 gene belonging to this pathway (162 Â 0.589/100 = 0.95); (2) b Sidak-corrected minimum P-value, the correction adjusted by using the effective no. of SNPs in place of the actual no. of SNPs genotyped. Table 3 .
cAMP-mediated signalling pathway, 4 genes (GRM7, ADCY9, RGS7, AKAP7) out of 161 in the pathway were present, compared to 1 expected; (3) G-protein-coupled receptor signalling pathway, 4 genes (GRM7, ADCY9, RGS7, NFKB1) out of 203 in the pathway were present, compared to 1 expected; (4) glutamate receptor signalling, 2 genes (GRM7, GRID1) out of 67 in the pathway were present, whereas none was expected.
Discussion
We report here the results from two GWAS of recurrent MDD and their meta-analysis. Our individual GWAS as the meta-analysis results showed low genomic control values, suggesting that our cases and controls are relatively homogenous, and that we can, with reasonable confidence, exclude a large distortion in our results caused by residual genetic substructure. The total sample size of 1359 recurrent MDD cases and 1782 controls analysed in our meta-analysis represents one of the largest samples used in genetic association studies of MDD. Furthermore, our cases from both GWAS were carefully selected to have at least two distinct major depression episodes (that is, recurrent MDD) that characterize a subtype of MDD suggested to have higher familiality. 8 Nevertheless, the main finding from our meta-analysis is that none of the over half million SNPs analysed reached association at the genome-wide level P < 5 Â 10 À8 , 42 conceivably for the lack of adequate statistical power provided by our sample size.
Recent GWAS of various common medical conditions have identified and confirmed over 70 common SNPs and showed that each of these SNPs has a small contribution to the increased disease risk: mean odds ratios = 1.36. 56 These GWAS clearly indicated that sample size in the order of several thousands are required to provide sufficient statistical power to detect SNPs with such small effect. 57 This is likely to be the case also for psychiatric disorders, as suggested by initial GWAS efforts for schizophrenia and BD [51] [52] [53] [54] [58] [59] [60] [61] and by our work, which represents the first GWAS to be reported for recurrent MDD. The sample size used in our study was clearly not powered enough to detect SNP with small effects. The lack of adequate statistical power is the main limitation of our study.
Previous candidate gene studies of major depression have provided inconclusive evidence of association for genes with strong biological rationale for MDD. 62 We queried our GWAS and meta-analysis results for such candidates and for candidate risk genes identified from BD GWAS as BD relatives are at increased risk for MDD 63 and some degree of genetic overlap between MDD and BD is likely to exist. [51] [52] [53] As expected, none of the SNPs in the candidate genes showed P-values that would remain significant after correction for multiple testing at the whole-genome level. Although, it has been suggested that given the strong a priori biological hypothesis for candidate genes their results should be interpreted with a more liberal statistical criterion, the inconsistent results between previous studies and ours does not support any of the previously reported allelic associations for MDD. More powered studies will indicate whether these genes that continue to be strong biological candidates have indeed an effect in increasing risk for depression. It has to be considered, for future studies that if substantial allelic heterogeneity exists for any of these genes it would become a real challenge to show convincing evidence for association even with substantially more powered studies. For example, our and previously published results suggest that some degree of allelic heterogeneity may exist for GRM7. The strongest signal for GRM7 in our meta-analysis was observed for rs162209 (P = 0.0001); however, the association was almost exclusively derived from our Study I. Study II showed moderate association (P = 0.005) for another distant and not correlated SNP (rs983534). Also, the most strongly associated GRM7 SNP from BD WTCCC GWAS 53 was not correlated to our strongest GRM7 SNPs. Overall, GRM7 showed multiple independent SNPs to be associated to some degree with MDD, and this is captured by our gene-based association where the Š idák correction for multiple SNPs tested, adjusted on the basis of the LD matrix among the SNPs, gave the value P = 0.01. GRM7 is a strong biological candidate as codes for an mGluR7 that is emerging as a potential target for the treatment of mood disorders. 64 The gene has a suggested role in depression from pre-clinical evidence, [65] [66] [67] and future genetic studies are critical for clarifying its role in mood disorders. Of interest to report that a recent genome-wide linkage scan, we have conducted in recurrent MDD sibling pairs that showed the best evidence for linkage, when accounting for disease severity, on chromosome 3 where GRM7 is located. 12 Among the other candidate genes investigated CACNA1C and 5HT2A showed modest associations in our study. Again, the lack of consistent SNP showing association and the lack of overlap in SNP genotyped in our study with previously associated SNP for CACNA1C, make also difficult to draw any conclusions on CACNA1C and 5HT2A.
We were conscious of the fact that all our most significant associations could all be spurious results. Nevertheless, as it is more likely for real associations to be present among the most significant SNPs, we decided to explore whether within the genes identified by the most significant SNPs there was an enrichment of biological pathways that may be relevant to MDD. We found that genes encoding for proteins involved in synaptic long-term depression, cAMP-mediated signalling, G-protein coupled signalling and glutamate receptor signalling functions were moderately overrepresented among our most significant genes. However, considering that the pathways identified showed statistical significance that does not survive correction for multiple testing results from larger GWAS should be sought before making any conclusion.
The new collaborative attitude in psychiatric genetics has led to the formation of large multicentre efforts to analyse jointly a number of GWAS. The recently formed Psychiatric Genome Wide Association Study Consortium (PGC) is aiming to analyse multiple GWAS on approximately 13 000 cases and 10 000 controls that will include samples used in the present study. PGC would allow identifying SNPs of small effect and also testing, with reasonable power, the presence of genetic risk factors that predispose to MDD subtypes and to relevant symptom dimensions. Our study ascertained MDD cases with recurrent episodes reducing to some degree the substantial heterogeneity that exist for MDD; additional evidences however suggest that other clinical variables as severity 12 and age at onset 15, 22 that appear to define more heritable phenotypes, should be considered for future analysis.
On a broader perspective on the genetics of MDD, we should consider that the initial analytical effort on the high definition whole-genome scans genotypings has concentrated in evaluating the CDCV hypothesis. However, several lines of recent evidence from the analysis of copy number variation (CNV) in schizophrenia [68] [69] [70] and autism 71 are suggesting that rare and penetrant gene variants are likely to account to some of the genetic risk contribution to psychiatric disorders. Substantially, larger samples than the one used in our study would also allow testing the common disease-rare variant hypothesis (CDRV) through direct detection of CNVs as well as through other methods such as the population-based linkage analysis of SNP genotypes. 72 In addition, to fully capture the genetic architecture of MDD the analysis of genes would have to include the interaction with known environmental risk factors for MDD (for example, childhood abuse and stressful life events 71, 73, 74 ). In summary, considerable hope has relied, and continues to rely on human genetics for improving disease prevention and treatment strategies. 58 This is particularly true for depression, where the aetiology is mostly unknown. In the present study, we have been able to exclude the presence of common SNPs, captured by half million genotyping arrays that have a substantial effect in increasing the risk for MDD. Our sample size did not provide adequate statistical power to detect SNPs with small effect. The numerous MDD GWAS in progress and the joint analysis of these studies provide ground for identifying small effect genetic risk factors for MDD.
